The development of the vertebral column starts with the formation of a linear array of mesenchymal condensations, forming the blueprint for the eventual alternating pattern of bone and cartilage. Despite growing insight into the molecular mechanisms of morphogenesis, the impact of the physical aspects of the environment is not well understood. We hypothesized that geometric boundary conditions may play a pivotal role in the linear patterning of condensations, as neighbouring tissues provide physical constraints to the cell population. To study the process of condensation and the patterning thereof under tightly controlled geometric constraints, we developed a novel in vitro model that combines micropatterning with the established micromass assay. The spacing and alignment of condensations changed with the width of the cell adhesive patterns, a phenomenon that could not be explained by cell availability alone. Moreover, the extent of chondrogenic commitment was increased on substrates with tighter geometric constraints. When the in vivo pattern of condensations was investigated in the developing vertebral column of chicken embryos, the measurements closely fit into the quantitative relation between geometric constraints and inter-condensation distance found in vitro. Together, these findings suggest a potential role of geometric constraints in skeletal patterning in a cellular process of self-organization.
Introduction
During the growth and development of the embryo, patterning events give rise to structurally and functionally complex tissues. These morphogenetic events involve an intricate interplay of cellular processes and result in robust outcomes. The role of molecular signalling pathways in achieving these complex outcomes has been studied extensively, however, the impact of physical cues is just starting to be unravelled [1] [2] [3] [4] [5] . For example, it was shown recently that the looping pattern of the gut is driven by the forces that arise from differential growth [6] , while the pattern of villi lining the gut wall is determined by buckling and folding of the tissue owing to growth under spatial restrictions [7] . Investigations into the role of physical cues in embryogenesis are gaining momentum owing to innovative techniques that allow characterization, modelling and perturbation of developmental processes [1, [8] [9] [10] . However, the potential role of physical cues in the development of many complex tissue patterns is still to be discovered.
One of the most fundamental and conserved patterns of the vertebrate body plan is the vertebral column. With its alternating pattern of bony elements and cartilaginous hinges, it provides form and stability as well as flexibility to the vertebrate body. Both the bone and cartilage tissue of the vertebral column originate from sclerotomal cells, a mesenchymal cell population originating from the ventral-medial region of the somites [11] . After dissociation from the residual epithelial component of the somites, the sclerotomal cells accumulate around the notochord and subsequently form a robust linear array of mesenchymal & 2014 The Author(s) Published by the Royal Society. All rights reserved.
condensations [11, 12] . Mesenchymal condensation is the first stage in bone development [13] [14] [15] [16] and an essential step in skeletal patterning since the position, size and number of skeletal elements is established at this stage [17, 18] .
Mesenchymal condensation primarily involves an increase in local cell density [16, 19] , which appears to be mainly mediated through local cell movements rather than locally altered proliferation rates [20, 21] . It is thought that these local cell rearrangements are predominantly mediated by passive ECM-driven movements and dragging and pushing by neighbouring cells, rather than active cell migration [22] [23] [24] . The dominant matrix components in this developmental stage are hyaluronic acid and fibronectin (FN) [25] [26] [27] [28] [29] . An increase in specific cell-cell contacts associated with mesenchymal condensation, mediated through N-cadherin and NCAM, facilitates cell-cell communication and is presumably involved in triggering the onset of chondrogenic differentiation [30] [31] [32] . This model is in line with the general notion that a high cell density is required for chondrogenesis [33, 34] .
The fundamental importance of mesenchymal condensation in skeletal development has motivated the development of in vitro models that recapitulate the early stages of skeletogenesis [35, 36] . One in vitro model that is often used to study mesenchymal condensation is the micromass assay [37, 38] . Typically, pre-chondrogenic cells are isolated from embryonic mouse or chicken limb buds and plated in a high-density drop. Within this high-density culture, condensations spontaneously appear within several days, followed by chondrogenic commitment and concomitant deposition of specific matrix components. Only embryonic cells seem to go through this specific process, as studies using adult or immortalized mesenchymal cells show different results [39, 40] . The micromass model has been used to unravel cellular and molecular events involved in condensation as well as to investigate the role of a variety of signalling molecules in skeletal development [13, 41, 42] . However, physical cues such as the spatial restrictions set by neighbouring tissues are not taken into account in this model.
Micropatterning techniques, whereby cell adhesive islands are created in order to restrict single or multicellular cultures to specific geometries, have facilitated the study of the effect of geometric boundary conditions on a range of cellular events [43] . It has been shown that single-cell shape can control the switch between cell cycle advancement and apoptosis in certain cell types [44] , while controlling the geometry of multicellular cultures elucidated emergent patterns of proliferation as well as differentiation [45 -47] . Micropatterning, when combined with the micromass culture, could provide a useful tool to test the role of geometric boundary conditions in the supracellular process of condensation and skeletal patterning.
This study addresses the hypothesis that geometric constraints provided to mesenchymal cells determine their condensation pattern. This hypothesis was investigated by combining an in vitro cell patterning technique with the established micromass assay. Freshly isolated mesenchymal cells from chicken embryonic limb buds were used, as this has been proven to be an appropriate cell model for pre-chondrogenic condensation [13, 37, 38] . We demonstrate that geometric constraints affect linear patterning of condensations as well as subsequent chondrogenic differentiation. Moreover, measurements of the pattern of condensations in the developing vertebral column in the chicken embryo closely fit into the quantitative relation between geometric constraints and inter-condensation distance established by this new in vitro model.
Material and methods

Cell isolation and culture
Pre-chondrogenic limb bud cells were freshly isolated from chicken embryos for each experiment. Chicken eggs (White Leghorn, premium specific pathogen-free) were purchased from Charles River Laboratories (New York, NY, USA) and set to incubate at 378C and 60% humidity. After 3 days of incubation, the embryos were staged and returned to the incubator. At Hamburger Hamilton stage 21 -23 [48] , the wing buds were dissected in PBS using a Leica stereomicroscope. Dissected limb buds were incubated in 0.5% trypsin for 12 min at room temperature and transferred to 10% ice-cold chicken serum in PBS. The ectoderm layer was subsequently manually removed from the limb buds. Buds were then suspended in DMEM-F12 culture medium containing 10% FBS and 1% penicillin and streptomycin (referred to as complete medium) and pipetted up and down to create a single-cell suspension. After straining through a 40 mm filter to remove cell clumps, the cells were counted, centrifuged and resuspended in complete medium to obtain a concentration of 6 Â 10 6 cells ml
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. A drop of 60 ml cell suspension was then spread onto the patterned area (approx. 75 mm 2 ) that was obtained as described in the following section (figure 1a(iv)). The cell seeding density was optimized during preliminary experiments which showed that lower cell densities lead to compromised cell survival, while higher cell densities mainly resulted in a larger fraction of cells not attaching to the substrate (data not shown). The plates were incubated at 378C and 5% CO 2 for 1 h to allow the cells to attach to their substrate. Subsequently, the cultures were washed once to remove unattached cells and then 2.5 ml of DMEM-F12 containing 2% FBS and 1% penicillin and streptomycin was added per well. For specific experiments, the culture medium was supplemented with rhTGF-b3, rhBMP2 or rmFGF8 (R&D systems) at the indicated concentrations. The culture medium was refreshed after 24 h and cultures were terminated after 2.5 days.
Microchannel patterning
Polydimethylsiloxane (PDMS) moulds for creating cell adhesive islands were fabricated by soft lithography. Negative photo resist SU-8 2100 (MicroChem, Newton, MA, USA) was deposited onto clean silicon wafers to a thickness of 130 mm and patterned by exposure to UV light through a transparency photomask (CAD/Art Services, Bandon, OR, USA). PDMS moulds were made by mixing PDMS base and curing agent (Sylgard 184 silicone elastomer kit) in a 10 : 1 ratio and pouring onto the patterned silicon wafer. The PDMS was cured overnight at 658C after which individual moulds were cut out. Each mould contained raised features 300 mm wide and 8 mm long (figure 1b). The width between raised features was 100, 150, 200, 250 or 300 mm. The moulds were stored in 70% ethanol until use. To create FN islands, the moulds were first sonicated in a water bath for 60 min. They were then dipped in dH 2 O and placed in a 658C oven to dry for 30 min. The PDMS moulds were subsequently subjected to O 2 plasma treatment for 5 min. Simultaneously, a non-tissue culture six-well plate was UV treated for 7 min. Each mould was then placed features-down in the centre of a well in the six-well plate, creating microchannels. A 50 ml drop of 25 mg ml 21 FN (bovine, Sigma) in dH 2 O was placed directly next to the moulds and the solution was immediately drawn into the microchannels by capillary forces ( figure 1a(i) ). To create the non-patterned substrate, a 50 ml drop of FN solution was placed in the centre of the well in the absence of a PDMS mould. The drop was spread to cover the same surface area as the patterned substrates, leading to a similar adhesion ligand density. The FN solution was incubated at room temperature for 1 h. The solution was then carefully aspirated and the plates were rsif.royalsocietypublishing.org J. R. Soc. Interface 11: 20140215 placed open at room temperature until dry ( figure 1a(ii) ). The moulds were removed and 3 ml 1% Pluronic F127 (Sigma) in dH 2 O was added to each well for 5 min to render the noncoated areas of the well non-adhesive ( figure 1a(iii) ). The wells were washed three times with PBS and stored at 48C until use. The actual width of the cell adhesive islands was confirmed by measuring the width of 24-h cultures using IMAGEJ (figure 1b,c).
Immunohistochemistry and stainings
After 2.5 days in culture, the samples were fixed in 4% paraformaldehyde in PBS. To identify condensations, the cultures and frozen sections of whole chicken embryos were stained with 50 mg ml 21 peanut agglutinin lectin (PNA lectin) conjugated with Alexa Fluor 488 (Invitrogen) in PBS. Cell nuclei were stained with 2 mg ml 21 Hoechst 33342 (Invitrogen). To probe for newly synthesized FN, the samples were incubated with a mouse-anti-avian FN antibody (Developmental Studies Hybridoma Bank) and stained with an Alexa Fluor 546 conjugated goat-anti-mouse IgG. Since patterned surfaces in the absence of cells only showed very faint FN staining (data not shown), it can be assumed that the strong FN staining after 2.5 days in culture can be attributed to cell-deposited FN. Expression of neural cell adhesion molecule (NCAM) was probed with a mouse-anti-chicken NCAM antibody (Developmental Studies Hybridoma Bank) and stained with an Alexa Fluor 546 conjugated goat-anti-mouse IgG. A rabbit-anti-Sox9 antibody (Millipore) was used to probe for the expression of Sox9. An Alcian Blue staining was performed to stain for deposited glycosaminoglycans (GAGs). The samples were washed in dH 2 O and subsequently stained in 1% Alcian Blue in 3% acetic acid (Electron Microscopy Sciences) for 30 min.
Quantitative analysis of condensations
To quantify the condensation patterns, micrographs of PNA lectin staining were analysed using IMAGEJ (v. 1.46r, NIH) and MATLAB (v. R2011a, MathWorks). First, condensations were identified as high intensity regions in the PNA staining-micrographs by applying a threshold to the images (figure 2b). Secondly, a size limit was applied in order to exclude small high intensity spots caused by staining artefacts. The coordinates of the centre of mass of the identified condensations were then used to calculate the distance between neighbouring condensations (inter-condensation distance), the number of condensations per unit length and the number of condensations per unit area. Neighbouring condensations were determined as nearest neighbours in the x-direction (along the long axis of the island). The 'distance from centre line'-parameter was measured as the shortest distance from the centre of mass of each condensation to an imaginary line drawn through the centre of the adhesive island along its long axis. For the non-patterned substrates, 300 mm wide strips were imaged and analysed in the same manner as the adhesive islands. All parameters were measured per island and then averaged over a range of replicate islands indicated in the figure legends.
Proliferation assay
To assess proliferation, a ClickiT EdU Alexa Fluor 555 kit (Invitrogen) was used. Samples were incubated with 5 mM EdU for 4 h. For imaging, the samples were fixed with 4% paraformaldehyde, permeabilized with 0.5% Triton X-100 and stained following the manufacturer's protocol for 30 min at room temperature. Nuclei were counterstained with 2 mg ml 21 Hoechst 33342. The percentage of proliferating cells was quantified by flow cytometry. After incubation with EdU, the cells were trypsinized to create a singlecell suspension, fixed in 4% paraformaldehyde in PBS and stained following the manufacturer's protocol for 30 min at room temperature. Flow analysis was performed on a BD LSR II Analyzer.
Glycosaminoglycan quantification
To quantify the deposition of GAGs, a colourimetric dimethyl methylene blue (DMB) assay was used. GAG deposition was normalized to DNA content to obtain GAG/DNA ratios. After 2.5 days in culture, the samples were digested in papain rsif.royalsocietypublishing.org J. R. Soc. Interface 11: 20140215 digestion buffer containing 10 mM L-cysteine and 0.125 mg ml 21 papain in PBE buffer (100 mM sodium phosphate buffer, 10 mM Na 2 EDTA, pH 6.5) and incubated for 24 h at 658C. Directly after digestion, the DNA content of the samples was determined using a PicoGreen dsDNA assay kit (Invitrogen) using calf thymus DNA as a standard. A 200Â 1,9-dimethyl methylene blue stock solution (3.2 mg ml
21
) in 100% ethanol was made to enhance solubility. GAG content was determined by mixing 10 ml sample with 250 ml DMB staining solution (2.37 mg ml 21 NaCl, 3.04 mg ml 21 glycine, 16 mg ml 21 1,9-dimethyl methylene blue, pH 3) and reading the absorbance at 590 and 525 nm using a BioTek Synergy HT plate reader.
Sox9 expression
Expression of Sox9 was analysed by flow cytometry. After fixation and permeabilization, cells were probed with a rabbitanti-Sox9 polyclonal antibody (Millipore) at 5 mg ml 21 . Cells were subsequently stained with an Alexa Fluor 647 conjugated goatanti-rabbit IgG (Invitrogen). Flow analysis was performed on a BD LSR II Analyzer. Mean fluorescent intensities of cell populations retrieved at different time points, as well as freshly isolated cells ('day 0') were used as a measure of Sox9 expression.
Whole embryo sectioning and analysis
Chicken embryos at Hamburger Hamilton stage 22 were euthanized, washed in PBS and fixed in 4% paraformaldehyde in PBS at 48C overnight. After multiple PBS washes, the embryos were incubated in 30% sucrose in PBS at 48C overnight and then in a 50 -50 mixture of 30% sucrose in PBS and OCT (Optimal Cutting Temperature, Tissue Tek) at 48C overnight. Embryos were subsequently embedded in OCT and frozen on dry ice. A Leica cryotome was used to cut 10 mm frozen sections in either the sagittal or the transverse plane of the embryo. Sections were stained with PNA lectin and Hoechst 33342 as described above, and imaged using a Nikon E800 upright microscope. Image analysis was performed using IMAGEJ to measure the geometric constraint provided to the mesenchymal cells in transverse sections, as well as the inter-condensation distance in sagittal sections. 
Statistics
Linear regression analysis and ANOVA tests were performed using STATA v. 13.0. Linear regression analysis was performed on data for the inter-condensation distance, the number of condensations per unit length, number of condensations per unit area, distance from centre line, Sox9 mean fluorescent intensity, Sox9 pixel intensity and GAG deposition, to test whether a statistical trend was observed between these variables and the island width, by testing whether the slope of the predicted curve was statistically different from zero. The F statistic from each regression analysis was compared with the critical F-value at a significance level of a ¼ 0.05. Since the inter-condensation distance, the number of condensation per unit length, the number of condensation per unit area and the distance from centreline are derived from the same set of images, a multiple comparison correction is required. For these datasets, the critical F-value was therefore determined at a significance level of a ¼ 0.05/4 ¼ 0.0125 (Bonferroni correction). One-way ANOVA tests were performed on the data for initial cell density and proliferation on the different island widths to test for significant differences between any of the groups using a significance level of a ¼ 0.05. Onetailed unpaired Student's t-tests were performed to test whether the Sox9 mean fluorescent intensity, Sox9 pixel intensity and the GAG deposition on 100 mm adhesive islands was significantly different from that on non-patterned substrates.
Results
Experimental model system
In order to study the role of geometric boundary conditions in the formation and patterning of mesenchymal condensations, a microchannel patterning technique was employed to create adhesive islands of specific dimensions (figure 1a). The adhesive islands were designed to be 8 mm long and 100, 150, 200, 250 or 300 mm wide, while a continuous FN-coated substrate was used as a negative control (figure 1b). The microchannel technique resulted in robust and reproducible patterns, as it was confirmed that the actual island widths closely resembled the desired dimensions (figure 1c). Pre-chondrogenic cells were freshly isolated from chicken embryonic limb buds, as it has been demonstrated that these cells are able to form mesenchymal condensations in vitro in micromass culture [37] . We adapted the classical micromass culture to conform to our patterned substrates and it was confirmed that typical condensation took place on the adhesive islands ( figure 1d,e) . A typical mesenchymal condensation is indicated by a local increase in cell density, positive staining with PNA lectin [15] , the deposition of abundant FN matrix and increased expression of the adhesion molecule NCAM [32] .
Patterning of condensations
To investigate the effect of geometric constraints on patterning of condensations, pre-chondrogenic cells were cultured on linear adhesive islands of varying width or on non-patterned substrates. PNA lectin staining revealed mesenchymal condensations (figure 2a) and the pixel intensity landscapes were used to identify the locations of individual condensations (figure 2b). The distance between the centre of mass of neighbouring condensations, the inter-condensation distance, was measured and compared between the different island sizes. A significant trend was observed, where the inter-condensation distance decreased with increasing island width (figure 2c). The inter-condensation distance on non-patterned substrates was smaller than for any of the linear islands. As the inter-condensation distance becomes shorter and the condensations have more room to disperse across the width of the island, as the islands become wider, the number of condensations per millimetre length of adhesive island increased significantly with increasing island width (figure 2d). As wider islands contain more cells per millimetre length, the number of condensations per unit area was also determined. Interestingly, a significant downward trend was observed between the number of condensations per unit area and the island width (figure 2e). The number of condensations per unit area on the nonpatterned substrates was higher than the trend would predict, possibly because cells can be drawn in from outside the quantified region, as it is a continuous culture, resulting in a higher number of condensations. Additionally, the alignment of condensations was evaluated by measuring the distance of the centre of mass of each condensation from the centre line of the island; a line through the middle of the island along its long axis (figure 2f). The average distance from the centre line increased significantly with increasing island width; the condensations on the thinnest island (100 mm) had the highest degree of alignment.
Cell density and proliferation
As the process of condensation is highly dependent on cell density, the initial cell densities on the differently sized islands was quantified to determine whether the observed differences in patterning were simply caused by unequal cell attachment. Initial cell densities on the patterned and non-patterned substrates were found to be not significantly different ( figure 3a) . Furthermore, we investigated the potential effect of the geometric constraints on the proliferation rate as this could result in differences in cell density over time between the differently sized islands, or inhomogeneous cell densities within the islands. Proliferation was assessed after 48 h of culture, while the cells were in the process of condensation. There was no statistically significant difference in proliferation rate between any of the various island sizes (figure 3b). Additionally, no regional differences in proliferation were observed on any of the island geometries (figure 3c). Apoptosis is assumed not to play a considerable role, as previous studies have shown that apoptosis rates at early time points of in vitro condensation are negligible [49] .
Chondrogenic differentiation
Mesenchymal condensation is believed to be the initial step in skeletal development, followed by chondrogenic commitment of the involved cells. We thus investigated whether the geometric constraints imposed on the pre-chondrogenic cells affected their chondrogenic differentiation. Firstly, the expression of the transcription factor Sox9 was investigated, as it is known to play a major role in chondrogenesis during embryonic development and is often used as an early indicator of chondrogenic commitment [50] . Expression of Sox9 at 2.5 days of culture, under all conditions, was increased compared with day 0 (figure 4a,b) . Additionally, at 2.5 days a significant difference was observed between the non-patterned control substrates and the 100 mm islands. When expression levels were compared between the different island sizes, it was found that Sox9 expression decreased when the cells were cultured on wider islands, showing a statistically significant rsif.royalsocietypublishing.org J. R. Soc. Interface 11: 20140215 downward trend. Immunohistochemistry revealed that at 2.5 days Sox9 was located in the nucleus of the cells (figure 4b), as expected. The average intensity of the staining of the entire island, as a measure of Sox9 expression, decreased with increasing island width (figure 4b,c), consistent with the trend observed by flow cytometry (figure 4a). While the intensity within the condensations was higher than the average of the entire island on thinner islands, this difference diminished with increasing island width (figure 4c). In addition to the early transcription factor Sox9, the deposition of GAGs was quantified. Similar to Sox9 expression, GAG deposition decreased significantly with increasing island width and also the difference between the 100 mm island and the non-patterned substrates was statistically significant (figure 4d,e).
Time course of proliferation, condensation and differentiation
In order to gain a better understanding of the temporal sequence of the processes of proliferation, condensation and differentiation on the adhesive islands, these processes were investigated at different time points during the 2.5-day culture. First, it was found that the rate of proliferation was high initially and decreased over time (figure 5a). At 24 h, areas of increased cell density started to appear, however typical condensations-indicated by PNA staining-were still absent (figure 5b). At 48 h, condensations were visible and they subsequently became more defined over time. In line with the decreasing rate of proliferation and the appearance of condensations, differentiation-indicated by the relative expression of Sox9-increased over time (figure 5c).
Impact of added morphogens
In vivo, tissue development takes place in the presence of various morphogens. To test the effect of specific morphogens on the process of condensation under geometric constraints, cultures were supplemented with varying concentrations and combinations of TGF-b3, BMP2 and FGF8, factors that are known to be involved in the development of the vertebral column [51] [52] [53] [54] . In control cultures, after 2.5 days of culture, condensations can be readily identified by increased cell density and positive PNA staining (electronic supplementary material, figure S1 ). In the presence of a range of concentrations of TGF-b3 or BMP2 however, both the overall cell density and the extent of condensation were reduced. In the presence of FGF8, distinct local increases in cell density are discernable, however PNA staining is more faint. The combination of TGF-b3 and BMP2 resulted in a culture similar to the control condition, while TGF-b3 and FGF8 together lead to distinctive areas of highly increased cell density and considerable PNA staining.
Patterning of condensations in the chicken embryo
Finally, in order to relate the observed patterning of condensations in our in vitro model to patterning in vivo, the linear array of condensations of the developing vertebral column was investigated in chicken embryos ( figure 6 ). At Hamburger Hamilton stage 22, the sclerotomal cells that will eventually give rise to the vertebral column have formed a linear pattern of condensations along the body axis, as indicated by PNA lectin staining (figure 6a). The neighbouring tissues that provide geometric constraints to this population of cells are the neural tube on the dorsal side, the epithelial rsif.royalsocietypublishing.org J. R. Soc. Interface 11: 20140215 dermamyotome on the dorsal -lateral sides and the notochord and aorta medially (figure 6a). At this stage, the width of the sclerotomal cell population constrained within the transverse plane was measured to be 171 + 19 mm. The inter-condensation distance was measured in the sagittal plane and had a mean value of 251 + 20 mm (figure 6b).
Discussion
The role of physical cues in the creation of the characteristic pattern of the vertebral column has not been widely explored. This study addresses the hypothesis that geometric constraints play a role in determining the linear pattern of condensations at the onset of the development of the vertebral column. By employing a novel in vitro model, we found that the spacing and alignment of condensations, as well as the number of condensation per unit area, were influenced by the geometry of the cell adhesive pattern. Interestingly, measurements of the spatial constraints of the developing vertebral column in the chicken embryo and its pattern of condensations were shown to closely fit into the quantitative relation between geometric constraints and inter-condensation distance found in vitro. The distance between neighbouring condensations, the inter-condensation distance, was shown to increase significantly when skeletal precursor cells were cultured on linear adhesive islands of decreasing width (figure 2c). Condensation is defined by an increase in local cell density [16, 19] . A minimum number of cells must be drawn together to create a condensation [55] and the process is thus dependent on cell availability. On the thinner islands, fewer cells are available along the short axis, so this could explain why the inter-condensation distance increases and the number of condensations per unit island length decreases with decreasing island width. If the spacing of condensations was only a function of cell availability, the number of condensations per unit area would presumably be constant. We found a different trend, however, implying that the mechanism that governs the patterning of condensations is more complex. The process of condensation involves a fine balance between the cohesiveness of cells versus their interaction with the extracellular matrix. As varying geometric constraints will alter the ratio between perimeter and surface area, this might shift the balance between cell-cell versus cell -matrix contacts and the cellular forces applied at those contacts, as indicated by several investigations on force generation by multicellular cultures [46, 47, 56] . Theoretical models have indicated these forces as key players in the condensation process [24, 57, 58] . Further investigations are needed to unravel the mechanisms that cause the difference in patterning of condensations under varying geometric constraints.
Interestingly, the in vivo inter-condensation distance and geometric constraints of the developing vertebral column, measured in chicken embryos, were found to closely fit into the quantitative relation described by the in vitro model (figure 6). The in vitro model is limited in its capacity to capture all aspects of the in vivo condensation process, as it does not recapitulate the full three-dimensional environment or possible signalling events from nearby epithelium implied to be involved in the process of condensation [59] . Remarkably, despite these discrepancies, the isolated mesenchymal cells are able to form condensations on the provided adhesive islands in specific patterns that match the condensation pattern in the developing vertebral column in vivo. This can thus be seen as a process of self-organization, as in vitro this is not orchestrated by signalling from neighbouring tissues.
In the developing vertebral column, the condensations are not only consistently spaced, but they are also accurately aligned along the body axis, which is critical for the eventual structure of the spine. The distance of the centre of mass of each condensation to the centre line of the island was quantified in this study (figure 2f) as a measure of alignment. A significant trend was found, with the distance diminishing for the thinnest islands. The enhanced alignment of condensations on thinner islands reflects the more limited space for the condensations to disperse. Similarly, if the population of cells in the in vivo environment of the developing spine is spatially restricted, the condensations may also be forced to align.
Geometric boundary conditions have been previously shown to play a role in a variety of cellular events. In the context of the developing embryo, it was shown that elongation of the body axis in Xenopus embryos is a process of self-organization controlled by physical alignment cues from the edges of the cell population [60] . Additionally, anterior-posterior axis polarization in mouse embryos is indicated to be triggered by rsif.royalsocietypublishing.org J. R. Soc. Interface 11: 20140215 the boundary conditions that the uterine wall provides to the early embryo [61] . In this study, we show the effect of geometric constraints on the supracellular process of patterning of mesenchymal condensations. Morphogens are soluble factors that are thought to play an important role in pattern formation and tissue development in vivo. The effect of three relevant morphogens-TGF-b3, BMP2 and FGF8-on the condensation process was tested on 171 mm adhesive islands, based on the measured tissue width in vivo ( figure 6 ). The addition of TGF-b3 or BMP2 had an inhibiting effect on proliferation and condensation, as indicated by the decreased cell density and faint PNA staining when compared with control cultures (electronic supplementary material, figure S1 ). FGF8, either alone or in combination with the other morphogens, caused a strong increase in local cell densities, however the faint PNA staining in the majority of these conditions indicates that these areas of increased cell density might not represent characteristic condensations. Possibly, FGF8 reduces cellmatrix adhesion, causing the cells to cluster in a non-specific manner. In contrast to the static presence of morphogens in this study, during tissue development in vivo morphogens are secreted at specific locations at specific times, resulting in complex spatial and temporal gradients [53, 62] . More complex model systems are required to further elucidate the interplay between geometric constraints and morphogen gradients in patterning and differentiation.
To test whether chondrogenic lineage commitment was affected by the imposed geometric constraints in our model system, the expression of Sox9 and extent of GAG deposition were also investigated (figure 4). Both Sox9 expression and GAG deposition decreased significantly as the islands became wider, indicating that the overall chondrogenic differentiation was enhanced on substrates with tighter geometric constraints. For both differentiation markers, a significant difference was observed between the nonpatterned control substrates and the 100 mm islands. These findings correspond with the observation that the number of condensations per unit area is increased on thinner islands. Moreover, on the thinner islands the difference in intensity of Sox9 expression between condensations and the rest of the island was more pronounced than on wider islands. This might indicate that the condensations are more mature, in terms of chondrogenic differentiation, under tighter geometric constraints. It has been shown previously that the extent of chondrogenic differentiation from condensations can be modulated by various soluble factors [63, 64] , but the observed effect of geometric constraints provides new insight into the role of physical cues in the differentiation process.
Taken together, this study suggests a role for geometric boundary conditions in regulating skeletal patterning during embryonic development in a process of self-organization. The pattern of condensations in the chicken embryo was shown to closely fit the relationship found in vitro. Different species with varying dimensions could be studied in the future to investigate whether this relationship extends to other vertebrates as well. Moreover, further experimentation could provide more insight into the mechanisms involved and the possible impact of geometric constraints on additional developmental processes. This line of investigations is likely to provide a more profound understanding of the processes of tissue patterning and morphogenesis.
